Hypoxia triggers a wide range of protective responses in mammalian cells, which are mediated through transcriptional and post-translational mechanisms. Redox signaling in cells by reactive oxygen species (ROS) such as hydrogen peroxide (H 2 O 2 ) occurs through the reversible oxidation of cysteine thiol groups, resulting in structural modifications that can change protein function profoundly. Mitochondria are an important source of ROS generation, and studies reveal that superoxide generation by the electron transport chain increases during hypoxia. Other sources of ROS, such as the NAD(P)H oxidases, may also generate oxidant signals in hypoxia. This review considers the growing body of work indicating that increased ROS signals during hypoxia are responsible for regulating the activation of protective mechanisms in diverse cell types.
Introduction
Mammalian cells utilize a wide range of biochemical pathways and systems as they seek to maintain homeostasis, repair or replace damaged cellular components, carry out organ-specific functions, and respond to environmental signals or stresses. Regulation of these pathways is achieved through a variety of cell signaling systems, including protein post-translational changes such as phosphorylation, acetylation, nitrosation, ubiquitinylation and other modifications, as well as signaling mechanisms regulated by Ca 2+ . Another class of intracellular signaling occurs through reduction-oxidation (redox)-dependent reactions, and cells utilize an extensive array of systems that convey information and control through chemical redox modification of proteins, lipids, and in some cases, DNA.
The essence of redox biochemistry involves the transfer of electrons or reducing equivalents between biomolecules. For example, in intermediary metabolism, metabolic intermediates are oxidized by dehydrogenases that remove electrons during glycolysis or the Krebs cycle; these are then transferred to the mitochondrial electron transport chain by nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH 2 ) or flavin mononucleotide (FMNH 2 ) carriers. Redox reactions are also involved in cell signaling pathways; these frequently involve the generation of reactive oxygen (ROS) or nitrogen (RNS) species that interact with target molecules resulting in an alteration in the biological function of those targets [1] . ROS and RNS can engage in redox reactions, potentially acting as either electron donors or as acceptors. At high concentrations, ROS or RNS can induce oxidant stress that disrupts cell functions or induces tissue damage, such as the oxidative burst observed during ischemia-reperfusion injury. However, a large body of data indicates that lower concentrations of ROS or RNS participate in redox reactions involved in normal physiological cell processes. The regulation of this redox signaling is achieved by controlling the rate of generation ROS or RNS, the location of that generation, the scavenging of the reactive molecules, and by controlling the expression or activity of enzymes that reverse the effects of the oxidant on their molecular targets.
It is important to note that interaction between cellular redox systems generally is mediated by enzymes rather than by spontaneous chemical interaction. For example, although hydrogen peroxide (H 2 O 2 , a ROS molecule) and NADH (an electron carrier) can both engage in redox reactions, their mutual interaction is not biologically important because no enzyme system facilitates such a direct interaction. Hence, a high concentration of NADH is not useful for scavenging H 2 O 2 , and high levels of H 2 O 2 do not oxidize NADH. By contrast, enzymes such as glutathione reductase can couple the oxidation of nicotinamide adenine dinucleotide phosphate (NADPH) to the reduction of oxidized glutathione. As reduced glutathione (GSH) is an important component of the cell's antioxidant machinery, this allows NADPH to function as an important cofactor in the maintenance of cellular thiol redox balance and ROS scavenging. Another important principle of redox biology is that the cellular concentration of oxidants (say, superoxide or H 2 O 2 ) can vary widely depending on cellular activity, the degree of stress, and the ability of the cell to maintain homeostasis during the redox stress. Redox signaling or stress can span a wide spectrum, ranging from very low levels of oxidation in quiescent cells to potentially lethal levels in cells exposed to high O 2 concentrations (e.g., > 50% O 2 )or subjected to ischemia-reperfusion stress. At high concentrations, oxidants such as H 2 O 2 may react with targets such as protein thiol groups that would not be affected at lower concentrations. Finally, the concept of "cellular redox status" started as the simplistic notion that cells function as homogenous redox systems. It is now recognized that redox conditions are regulated independently in different subcellular compartments, with localized control of ROS generation and compartment-specific expression of antioxidant enzyme systems. And in some cases, redox is regulated in localized subdomains within those compartments. For example, protein thiol redox status in the cytosol is normally highly reduced, yet localized oxidant signals may be generated near the plasma membrane when extracellular growth factor ligand binding leads to activation of ROS-generating enzyme systems coupled to the mitogen receptor. By contrast, the endoplasmic reticulum (ER) maintains a highly oxidizing environment needed for proper protein folding. The nucleus normally maintains a relatively reduced environment, as thiol oxidant stress can interfere with zinc finger domains that are involved in protein-DNA interactions. Hence, recognition of the compartment being assessed experimentally is important for interpreting the measurements obtained in studies of redox biology and signaling.
Signaling by ROS in mammalian cells
The principal ROS species produced in cells are superoxide (O 2 -) and H 2 O 2 . Superoxide is a free radical generated when molecular oxygen acquires a single unpaired electron. Superoxide can be generated enzymatically by members of the NAD(P)H oxidase family, or non-specifically through the interaction of O 2 with flavin groups, iron-sulfur centers, heme groups, or non-heme iron (see below) [2] . As an anion, superoxide cannot traverse lipid membranes in the absence of anion channels. Once generated, superoxide can affect enzyme function by disrupting iron-sulfur centers, or interacting with heme-and non-heme cofactors. Important physiological roles have been identified for superoxide signaling in mammalian cells. For example, the oxidation status of the [4Fe4S] iron sulfur cluster in human DNA primase can be modified by superoxide. The redox status acts as a reversible on/off switch to regulate its DNA binding, indicating an important role for redox regulation of DNA replication [3] .
In mammalian cells, H 2 O 2 is probably more important than superoxide in terms of the number of known signaling functions. Unlike superoxide, H 2 O 2 can interact with the cysteine mercapto group, causing progressive oxidation to the disulfide, sulfenic, sulfinic, and sulfonic redox states [1] . Disulfide formation represents the lowest degree of oxidation, and is important biologically because it can alter protein function by inducing significant structural changes [4] . Importantly, thiol oxidation is easily reversed by enzymatic mechanisms, making this alteration suitable in terms of a signaling function [5] . Higher states of thiol oxidation can also be important, as in the case of phosphatases that utilize a reactive cysteine at the catalytic site. Attack of that thiol by H 2 O 2 can render the phosphatase inactive, thereby increasing phosphorylation abundance of its target proteins [6, 7] . Lower states of oxidation are easily reversible, but higher states of thiol oxidation may cause prolonged or possibly irreversible inhibition of phosphatases. As phosphatases are important for regulating phosphorylation states of lipids and proteins, this redox-dependent inhibition can have profound effects on cell function.
A conceptual hurdle in understanding how H 2 O 2 functions as a signaling molecule relates to its selectivity and specificity for the intended target proteins. H 2 O 2 is diffusible, and is generated upon dismutation of superoxide either spontaneously or enzymatically by members of the superoxide dismutase (SOD) family of enzymes [8] . It can cross cell membranes via aquaporin channels, and can therefore access multiple subcellular compartments. Given these characteristics, one might ask why H 2 O 2 signaling doesn't cause accidental oxidation of many non-specific targets along its journey toward the intended target. One answer is that some sources of H 2 O 2such as members of the NADPH oxidase (NOX) familymay be anchored to membrane sites close to where redox signaling is needed [9] . For example, NOX isoforms near the plasma membrane are activated by growth factor receptor ligand binding, which may restrict possible targets to those near the inner membrane leaflet [10] .
Additional insight into this issue comes from in vitro studies where recombinant proteins are subjected to oxidative attack by addition of exogenous oxidants such as H 2 O 2 . For example, the fluorescent protein, roGFP, is a variant of green fluorescent protein (GFP) containing two cysteine residues in the outer surface of the barrel [11, 12] . Oxidation of one cysteine thiol leads to disulfide formation, which alters the fluorescence behavior of the protein [13] . This allows roGFP to act as thiol redox sensor. If purified recombinant roGFP is subjected to oxidant treatment in a test tube, molar concentrations of H 2 O 2 are required to cause oxidation of the protein. By contrast, when expressed in a cell, roGFP begins to oxidize after addition of as little as 10 micromolar H 2 O 2 . The difference between in vitro and in vivo sensitivity arises from the involvement of an intermediary protein that mediates a redox relay system. In this case, glutaredoxin, an antioxidant protein in the cell, is easily oxidized by micromolar concentrations of H 2 O 2 . Oxidized glutaredoxin then interacts with reduced roGFP to cause its oxidation, yielding reduced glutaredoxin and oxidized roGFP [14] . Had reduced glutaredoxin been added to the in vitro experiment, the recombinant roGFP would have been oxidized by addition of very low concentrations of H 2 O 2 . Possibly the first involvement of such a relay described in S. cerevisiae where oxidation of YAP1, a redox-sensitive transcription factor, was found to require the antioxidant enzyme ORP1, an ortholog of glutathione peroxidase-4 [15] . In the absence of ORP1, yeast cells treated with H 2 O 2 fail to activate expression of antioxidant genes under the control of YAP1, whose oxidation is required for activation. In mammalian cells, peroxiredoxin-2 has been shown to participate in a redox relay that leads to STAT3 inactivation in response to H 2 O 2 stress [16] . Thus, specificity of oxidation targets is frequently achieved by transducing the H 2 O 2 signal with a peroxidase that is easily oxidized by low concentrations, and subsequently engages in a redox relay with a small number of highly selected targets that are resistant to non-specific oxidation even at high H 2 O 2 concentrations. These redox intermediaries act in a reverse direction to reduce the target once the H 2 O 2 signal disappears, thereby participating in both activation and inactivation of target proteins. By this mechanism, low signaling concentrations of oxidants such as H 2 O 2 can effectively mediate redox modifications of selective targets, thus avoiding the widespread non-specific oxidation of proteins that would occur with the use of higher concentrations needed to directly oxidize the targets.
NAD(P)H oxidases and hypoxia signaling
NAD(P)H oxidases are multimeric membrane-bound complexes that transfer electrons from reduced dinucleotides such as NADH or NADPH to molecular oxygen to produce superoxide or H 2 O 2 . In hypoxia, NADPH oxidases may synergize with mitochondria in the production of ROS that are involved in the activation of hypoxia responses [17] . NADPH oxidase consists of multiple subunits, including cytochrome b 558 , the gp91 phox (NOX2), p22 phox , cytosolic p47 phox and p67 phox proteins, along with regulatory proteins such as p40, rac-1, rac-2, and/ or rap1A. NAD(P)H-linked oxidase systems have been suggested to function as O 2 sensors [18] . Each NOX isoform contains a redox-active subunit and at least one other subunit [18, 19] .
While the phagocytic NADPH oxidase activity is regulated by phosphorylation of a NOX2 subunit by protein kinase C, regulation of non-phagocytic NOX isoforms (NOX1, NOX3, NOX4, NOX5, DUOX1 and DUOX2) is less well understood. It is generally assumed that NOX systems could function in O 2 sensing based on the assumption that hypoxia should cause a decrease in superoxide production, as O 2 is a required substrate for superoxide generation [20] . Presumably, this would result in a redox shift of protein thiols in, for example, membrane voltage-dependent potassium channels (Kv), toward a more reduced state. If these were involved in mediating hypoxia responses, the suggestion was that this response could then activate the downstream response [21] . Of course, to be involved in hypoxia responses the NOX subunits would need to be expressed in the O 2 -sensitive cells. In that regard, expression has been reported in carotid body glomus cells [22] , vascular cells [23] , and endothelium [24] , all of which are known to be involved in hypoxia responses [25] [26] [27] Direct involvement of these oxidases in hypoxia sensing must be confirmed in genetic deletion models, to determine whether the response to hypoxia is preserved or abolished. Archer et al. tested the hypoxic pulmonary vasoconstrictor response (HPV) in mice carrying a whole-body genetic deletion of the NOX2 subunit gp91 phox [28] . Those mice retained their pulmonary vasoconstrictor response to alveolar hypoxia, revealing that the HPV response does not require NOX2. In humans, chronic granulomatous disease is a disorder caused by genetic loss of NOX2 function. While these individuals are vulnerable to infection because of the loss in immune cell antimicrobial function, there is no evidence that oxygen sensingwhich is required for embryonic development -is significantly impaired, suggesting that NOX2 is not required for hypoxia sensing by cells. Weissmann et al. measured hypoxic responses in mice with a genetic deletion of the p47phox subunit, and found that the lung vasoconstrictor response was attenuated but still present [29] . Collectively, these results indicate that NOX systems may participate in the hypoxia signaling pathways in the pulmonary circulation but are not be required for triggering the response. However, NOX4 was subsequently show to be dispensable for the development of pulmonary hypertension during chronic hypoxia in rodents [30] .
Other NOX systems such as NOX4 have been suggested to function in hypoxia sensing through the generation of superoxide and H 2 O 2 [31] . According to that model, activity of NOX4 is proportional to the local O 2 concentration, resulting in a decrease in H 2 O 2 formation under low oxygen conditions. Yet curiously, NOX4 expression is upregulated under hypoxia by the transcription factor HIF-1 [32] . By contrast to the model of Nisimoto et al., other studies suggest that NOX 4 may play a facilitating role in augmenting ROS generation during hypoxia [33, 34] . In either case, although mice with homozygous deletion of the NOX4 gene are vulnerable to heart injury in response to arterial pressure overload, embryonic development, which requires an intact hypoxia sensing response, is preserved. These observations suggest that NOX4 may contribute to redox signaling involved in some, but not all responses to hypoxia.
Mitochondrial ROS production by the ETC
The mitochondrial electron transport chain (ETC) shuttles electrons obtained during intermediary metabolism (glycolysis and in the Krebs cycle) to O 2 . Electron transfer steps at complex I, III and IV are coupled to proton translocation across the inner membrane. This creates an electrochemical gradient that is used by complex V to synthesize ATP from ADP and inorganic phosphate. Mitochondria have been known to generate ROS for more than 50 years [35] . Sources of mitochondrial ROS other than the ETC have also been described [36] . The production of ROS by mitochondria was initially viewed as a potentially damaging oxidant process [35, 37] . However, more recent evidence suggests that mitochondria-derived ROS can act as signals that activate both transcriptional and post-translational responses to hypoxia in diverse cell types.
Superoxide can be generated at complex I [38] [39] [40] [41] , II [42] or III [43] [44] [45] [46] [47] [48] [49] , by the release of electrons from iron-sulfur groups, flavin cofactors, or from ubisemiquinone, a free radical generated in the Q cycle of complex III. Depending on the particular site of generation along the ETC, superoxide can be release into the matrix or the intermembrane space. SOD is expressed in each of these compartments, facilitating H 2 O 2 generation. Complex IV has never been shown to release ROS, largely because it binds O 2 with very high affinity while electrons are being sequentially transferred from cytochrome c [50] . After the fourth electron has been transferred, the fully reduced molecule is finally released as H 2 O.
In the ETC, complexes I and II deliver pairs of electrons to the mobile electron carrier ubiquinone, yielding ubiquinol. Ubiquinol then diffuses in the membrane to reach the Qo site in Complex III, where the two electrons are removed sequentially. The first electron is passed to the Rieske Iron-Sulfur Protein (RISP) in Complex III, which subsequently passes the electron to cytochrome c 1 , to cytochrome c, and finally to cytochrome oxidase. Removal of the first electron from ubiquinol by RISP generates the transient free radical, ubisemiquinone, at the Qo site. Normally, the second electron is rapidly removed by the b cytochromes, thereby returning ubiquinone to the membrane pool. However, if the removal of the unpaired electron from ubisemiquinone is delayed, superoxide may be generated when the electron is instead captured by O 2 . The lifetime of the ubisemiquinone radical at complex III represents a potential mechanism for controlling ROS generation at the Qo site. Interventions that prolong the lifetime of ubisemiquinone lead to a marked increase in superoxide formation at the Qo site. The toxin antimycin A, for example, prevents removal of the electron from ubisemiquinone and causes a large increase in superoxide generation at the Qo site [43] .
Mitochondrial toxins can either increase or decrease ROS generation, depending on where they act. For example, rotenone acts to block the downstream end of complex I, which can lead to increased superoxide production from that complex as electrons (derived from NADH oxidation) remain on flavin or iron-sulfur groups and have nowhere else to go [38] . At the same time, rotenone would tend to decrease ROS production from complex III because it would inhibit the influx of electrons from complex I. Myxothiazol inhibits the influx of electrons into complex III, which blocks the formation of superoxide by that complex. However, by causing a backup of electrons in complex I and II, myxothiazol has the potential to augment ROS generation from those earlier sites. Antimycin A inhibits the binding of ubiquinone at the downstream side of complex III, and thereby prolongs the lifetime of ubisemiquinone at the entry site. This augments ROS generation by complex III, and may also increase ROS generation by complexes I and II because of the electron backup caused by loss of compex III function [39] . Hence, understanding how disruptions of the ETC may affect ROS generation is complex.
ROS generation and redox signaling by the mitochondrial ETC in hypoxia
Hypoxia stimulates oxidant production by the ETC, with studies implicating complexes I and III [51, 52] . This increase is paradoxical, in the sense that the concentration of O 2 , a substrate for superoxide generation, is lessened [53] . The ROS arising from the electron transport chain transit through the intermembrane space to reach the cytosol where they function as redox second messengers. Using a redox sensor such as roGFP expressed in the cytosol, one can detect O 2 -dependent increases in the oxidation signal as the cells are subjected to progressively more severe levels of hypoxia ( Fig. 1) .
While mitochondrial oxidants can certainly contribute to tissue oxidant damage [35, 37] in conditions such as ischemia-reperfusion injury [54] [55] [56] [57] [58] [59] or other disorders [60, 61] , a growing body of work reveals that mitochondrial oxidants can also function as redox signals in response to cellular stresses [62] including hypoxia [63, 64] . Changes in mitochondrial redox status could conceivably be a mechanism for altering the generation of ROS, as backup of electrons along the ETC could favor the generation of superoxide even if the PO 2 were decreased. The redox signal resulting from the generation of ROS production could then alter cysteine thiol redox status, either directly or via a redox relay system as described above.
The first demonstration that mitochondrial ROS participate in transcription factor activation was reported by Chandel et al., who found that hypoxia-induced ROS signals from mitochondria trigger the activation of hypoxic transcriptional responses through the inhibition of HIF prolyl hydroxylase (PHD2), a negative regulator of HIF-α stability [63, 65] . While the specific pathways linking hypoxia-induced increases in ROS to HIF prolyl hydroxylase are still not fully understood, one possible mechanism relates to the interaction of ROS with the Fe 2+ associated with PHD2 [66] . Exogenous oxidants have been shown to inhibit asparaginyl hydroxylase (Factor Inhibiting HIF, FIH); this is a related enzyme that functions as a negative regulator of HIF transcriptional activity under normoxic conditions [67] . In the regulation of HIF signaling, ROS signals could inhibit PHD2 and FIH directly [67] , or instead act by regulating post-translational modifications of PHD2 and FIH that inhibit their functions allosterically.
A growing body of data indicates that hypoxia increases ROS generation by complex III, possibly by increasing the ubisemiquinone lifetime at that site. Superoxide generated inside the inner membrane should be ejected into the intermembrane space (IMS) by the strong electrical field within the membrane; the ROS signal can then migrate from the IMS to the cytosol [2] . Genetic studies implicating complex III were reported by Guzy et al., who assessed ROS production during hypoxia using a FRET-based redox sensor to assess thiol oxidation [68] . They observed increases in oxidation of the probe during hypoxia, which were attenuated when expression of the Rieske Iron-Sulfur Protein (RISP) was suppressed using RNA interference. Deletion of RISP prevents ROS generation at complex III and also abolishes electron transport and oxygen consumption by the cell. Mansfield and colleagues also studied ROS production in embryonic cells from mice lacking cytochrome c [69] , which is also required for ETC function and oxygen consumption. In those cells, the absence of cytochrome c caused the RISP protein in complex III to remain reduced, thereby preventing the generation of ubisemiquinone at the Qo site of complex III. Deletion of RISP or cytochrome c blocked the generation of an oxidant signal during hypoxia, and inhibited the stabilization of HIF-1α. However, these cells were still able to stabilize HIF-α in response to PHD2 pharmacological inhibition by dimethyloxaloylglycine (DMOG), indicating that mitochondria were responsible for detection of hypoxia. Thus, electron transfer through complex III is critical for the redox signaling of hypoxia in cells.
Further work implicating complex III in oxidant signal generation during hypoxia was reported by Orr et al., who performed a screen to identify small molecules that inhibit superoxide generation by complex III without affecting electron transport or mitochondrial oxidative phosphorylation (OXPHOS). The compounds they identified were found to inhibit cellular responses to hypoxia, including HIF-1α stabilization [6] .
A critical test of the mitochondrial ROS hypothesis requires an ability to assess oxidant status in subcellular compartments. Studies by Waypa et al. addressed this by targeting expression of roGFPs, described above, to different subcellular compartments [70] . Experimentally, roGFP is expressed in a cell and is excited with light at two different wavelengths (405 and 488 nm). Emitted light at 525 nm then provides a ratiometric assessment of its oxidation that is independent of protein levels or excitation intensity. Redox status of the protein is reversible, so the sensor can be calibrated by applying chemical reducing and oxidizing agents. This is accomplished at the end of the experiment by adding dithiothreitol (to reduce thiols) followed by aldrithiol (to oxidize thiols). The ratios corresponding to maximum reduction and maximum oxidation so obtained are then used to calculate the redox status during the study (Fig. 2) [71] . This is analogous to the use of ratiometric probes used to assess intracellular Ca 2+ .
Limiting expression of the protein to specific subcellular compartments is accomplished using targeting sequences. For example, roGFP expression can be directed to the mitochondrial matrix by appending the mitochondrial targeting sequence from cytochrome oxidase subunit IV [70] . To express the sensor in the intermembrane space, it was appended to the carboxy terminus of glycerol phosphate dehydrogenase (GPD), a protein embedded in the inner membrane whose lipophobic carboxy tail resides in the intermembrane space. Electron micrographs of immunogold particles directed at the protein confirm the expected subcellular localization [70] .
Pulmonary arterial smooth muscle cells are intrinsically O 2 -sensitive and respond to hypoxia by contracting in a Ca 2+ -dependent manner. Waypa et al. examined redox responses to hypoxia in the cytosol, IMS, and matrix compartments using the targeted roGFP sensors. Differences in baseline oxidation were noted during normoxia, with oxidation in the matrix > IMS > cytosol. During acute hypoxia, oxidation increased in the cytosol and in the IMS [72] . However, oxidation in the matrix decreased during acute hypoxia. These findings reveal several important points. First, significant differences in basal redox status are evident in different subcellular sites. Second, hypoxia increases thiol oxidation in the IMS and cytosol, consistent with a release of superoxide from the inner membrane. Important differences in the redox response to hypoxia occur across subcellular compartments, as some undergo oxidation and others do not. What effect does this redox response have on the increase in Ca 2+ during hypoxia? They found that ROS scavengers such as over-expression of catalase or the SOD-catalase mimetic EUK134 [73] prevented the increase in cytosolic Ca 2+ , revealing that increases in ROS act in a signal transduction system that triggers the response to hypoxia in these cells [74] [75] [76] .
In studies using mice with conditional deletion of RISP, Waypa et al. Fig. 1 . Cytosolic oxidant stress in pulmonary arterial smooth muscle cells, as assessed using roGFP to detect changes in thiol oxidation. Superfusion with buffer equilibrated to different O 2 tensions reveals that hypoxia results in increased oxidant signaling, with the greatest increases at the lowest O 2 levels. Fig. 2 . Use of redox-sensitive proteins to assess thiol redox status in live cells. Thiol oxidation and reduction produce reciprocal changes in emission when excited at two different wavelengths. Ratiometric measurements in the cells can be calibrated at the end of the experiment using chemical oxidizing (aldrithiol) and reducing (dithiothreitol) agents, yielding a percent oxidation.
found that genetic deletion in smooth muscle cells abolished hypoxiainduced increases in roGFP oxidation in the cytosol and mitochondrial IMS of pulmonary artery smooth muscle cells, while it abolished the acute hypoxia-induced increases in cytosolic Ca 2+ in the same cell type [72] . However, addition of exogenous H 2 O 2 elicited increases in cytosolic Ca 2+ , indicating that hypoxia-induced ROS signals are required to trigger the increases in Ca 2+ that mediate vasoconstriction. Indeed, adult mice with smooth muscle-specific deletion of RISP showed an abrogation of the normal hypoxia-induced increase in pulmonary arterial pressure, as estimated from right ventricular systolic pressure measurements. Collectively these observations identify an important role for mitochondrial oxidant signals in regulating the pulmonary vascular response to hypoxia. Complex I is a potential source of superoxide generation, principally at flavin-linked sites (FMN) and iron-sulfur centers [77] . ROS generation by complex I is highly dependent on the mitochondrial membrane potential, and conditions that hyperpolarize mitochondria can augment superoxide production via reverse electron flux from the ubiquinone pool into the complex [78] . In terms of hypoxia responses, ROS generation from complex I has been implicated in signaling within the carotid body, as detailed in the following section.
Redox regulation of hypoxic responses in diverse tissues
The carotid body is an organelle located at the bifurcation of the common carotid artery and is known to function as a sensor of arterial blood O 2 tension. Type I (glomus) cells likely function as the sensory elements of this organ, based on their expression of K + channels that become rapidly inactivated during acute hypoxia [79] . A key mechanistic question relates to how the potassium channels are regulated by O 2 tension, as there is little evidence that the channels themselves are being directly regulated by interaction with O 2 . A study by Fernandez-Aguera et al. provided evidence that redox signals from the mitochondria may contribute to this regulation [52] . Using mice with conditional genetic deletion of Ndufs2, a critical subunit of mitochondrial complex I, they found that knockout of this subunit from catecholaminergic cellswhich include carotid body glomus cells-demonstrated a loss of hypoxic sensitivity. This loss of sensitivity was evident in the loss of hypoxia-stimulated minute ventilation in intact animals ventilated with hypoxic gas mixtures, as well as at the level of hypoxia-induced catecholamine release, carotid sinus nerve firing, and intracellular Ca 2+ measurements, all of which increase rapidly during superfusion with buffers at low O 2 tensions. These findings were consistent with the longstanding observation that rotenone, an inhibitor of complex I function, also inhibits carotid body hypoxic responsiveness. Using patch-clamp recordings, they found that Ndufs2-deficient carotid body cells failed to demonstrate the normal hypoxia-induced decrease in K + channel conductivity, and appeared instead to be chronically inhibited. Antioxidant treatments lessened this inhibition in the knockout cells, whereas exogenous oxidants in controls cells mimicked hypoxic responses and prevented hypoxic inactivation of potassium channels. The authors concluded that hypoxia inhibits K + channels through an ROS-dependent process; loss of complex I function led to a loss of hypoxia-induced increases in ROS, although basal ROS signaling seemed to have increased. These findings are interesting because they support the idea that mitochondrial ROS generation increases -rather than decreases -during hypoxia [53] .
In view of previous studies implicating complex III in hypoxia responsiveness, how can we reconcile the apparently independent roles of complex I and III in redox-regulated hypoxia sensing? One possibility is that they actually represent the same mechanism. Loss of ETC function at complex I will limit electron flux into complex III, so ROS signals coming from III will be attenuated by the lack of an electron source. Loss of complex III activity will similarly block electron flux through complex I, although that complex will still have an ample source of electrons as NADH concentrations increase. If complex III increases its generation of ROS to signal the onset of hypoxia, this response would be lost upon inactivation of electron flow through complex I (by Ndufs2 knockout or rotenone) or by loss of the Rieske Iron-Sulfur center in complex III (which prevents ROS generation). Future experiments testing the role of RISP deletion in carotid body cells on carotid body hypoxia responsiveness would be needed to test this hypothesis. Similarly, studies of Ndufs2 knockouts in pulmonary blood vessels are needed to test whether the loss of complex I function phenotypically mimics the effects of complex III inactivation.
In multiple cell types including cultured endothelial cells, Hernansanz-Agustin and colleagues found that acute hypoxia (1-2% O 2 ) led to an increase in the oxidation of dihydroethidium, a chemical probe that can be oxidized by superoxide [80] . A parallel burst in H 2 O 2 was detected using carboxydichlorofluoricein diacetate (CDCFDA), suggesting that the superoxide is converted to peroxide in the cells. A mitochondria-targeted dihydroethidium probe also detected an oxidant burst during hypoxia, which was lost in ρ 0 cells that lack a functional mitochondrial ETC. Those findings implicate mitochondria as a source of redox signaling during hypoxia. Finally, that study reported that HIF-1α stabilization was lost in ρ 0 cells, whereas treatment with the superoxide dismutase mimetic Tiron tended to increase HIF-1α stabilization and CDCFDA oxidation, suggesting that HIF-1α stabilization is positively regulated by H 2 O 2 rather than by superoxide.
In a recent study, Briggs et al. examined HIF regulation in triplenegative breast cancer cells, and found that these cells secrete glutamate to the extracellular space [81] . There, it acts in an autocrine/ paracrine manner to inhibit the xCT glutamate-cystine transporter, a major antiporter mediating cellular uptake of cystine, which is then reduced to cysteine as needed for the maintenance of redox balance. When inhibited, cellular levels of cysteine decline and PHD2 (EglN1 in their paper) becomes oxidized and inactivated, leading to constitutive normoxic stabilization of HIF-1α. Curiously, they did not find evidence of increased ROS in response to xCT inhibition or growth in cystine-free media, leading them to conclude that EglN1 is a sensor of cysteine. However, other groups have reported that inhibition of the cysteine/ glutamate antiporter in tumor cells leads to rapid induction of oxidant stress leading to ferroptosis, an iron-dependent cell death pathway [82] . Moreover, the inactivation of EglN1 occurred through thiol oxidation, which is normally regulated by NADPH-dependent antioxidant systems. Further studies are needed to reconcile these differences, and to determine how EglN1 redox status could be regulated by cysteine, independently of ROS, in the study of Briggs et al.
Mitochondrial ROS signals regulate AMPK response to hypoxia
Redox signals from mitochondria in hypoxic cells also regulate posttranslational responses including the activation of AMP kinase (AMPK). In lung alveolar epithelial cells, hypoxia suppresses vectoral sodium transport from the alveoli to the interstitium, a response that is important for fluid removal from the lung airspace [83] . The mechanism involves ROS-triggered internalization of the Na + /K + -ATPase, a transporter on the basolateral membrane of the epithelium. That response is mediated by AMPK activation, which triggers PKC-zeta translocation to the plasma membrane by phosphorylating it at Thr410. Gusarova et al. found that catalase overexpression, or depletion of mitochondrial DNA (ρ 0 cells), blocked the ability of alveolar epithelial cells to internalize the Na + /K + ATPase during hypoxia [84] . In addition, Emerling et al. reported that AMPK phosphorylation during hypoxia failed to develop in ρ 0 cells, and that exogenous antioxidants prevented AMPK activation in hypoxia [85] . Gusarova and colleagues subsequently reported that the activation of AMPK during hypoxia is triggered by extracellular Ca 2+ entry through Ca 2+ release-activated Ca 2+ (CRAC) channels [86] . Thus, hypoxia-induced ROS signals lead to release of intracellular calcium stores and activation of CRAC channels that amplify the Ca2+ signal, thereby activating AMPK via Ca 2+ /calmodulin-dependent kinase kinase beta (CaMMKβ) mechanism. The AMPK activates PKC-ζ which then triggers internalization of the Na + / K + -ATPase. Collectively these studies suggest that mitochondrial redox signals regulate AMPK activation during hypoxia. A summary of these responses in relation to thiol redox status has been reported [87] .
AMPK is also activated during bioenergetics crises, when ATP levels decrease and ADP and AMP accumulate. However, the protective effects of AMPK cannot prevent a bioenergetic crisis if it only becomes activated after the problem has developed, as defined by a decrease in ATP and increase in AMP or ADP. The possibility that AMPK could be activated by physiological hypoxia, in anticipation of a bioenergetic crisis, is therefore an attractive notion [88] . Hypoxia-induced mitochondrial redox signals, which are activated during moderate levels of hypoxia, could provide such a mechanism.
Studies reveal that ROS signals during hypoxia can indeed activate AMPK in diverse cell types, through a Ca 2+ -dependent mechanism [86, 88] . During hypoxia, ROS signals initiate release of intracellular calcium from the endoplasmic reticulum (ER). The resulting decrease in ER Ca 2+ leads to the oligomerization of stromal interaction molecule 1 (STIM1), the ER calcium sensor, which organizes the calcium releaseactivated calcium (CRAC) channels at sites where ER and plasma membranes associate. CaMKKβ is a calcium-sensitive kinase that can activate AMPK in the absence of a bioenergetic deficiency [89] . Knockdown of CaMKKβ abolishes the AMPK response to hypoxia, indicating that hypoxia can trigger AMPK activation without increased [AMP] through ROS-dependent CRAC channel activation, leading to increases in cytosolic Ca 2+ that activate the AMPK upstream kinase CaMKKβ [88] .
Summary
Redox signaling is an important mechanism that contributes to cellular homeostasis in both normal and tumor cells, under both normoxic and hypoxic conditions. Mitochondria and other NAD(P)H systems participate in redox signaling through their ability to generate ROS; these signals are locally regulated and often act on the intended thiol targets through intermediary redox shuttling systems. Opposing this oxidant signaling, systems including thioredoxins, glutaredoxins, glutathione peroxidases and peroxiredoxins can reverse thiol oxidation of proteins. Subcellular compartments regulate thiol redox status independently, and contain their own independent antioxidant protein systems. Although seemingly counter-intuitive, mitochondrial augment the release of ROS signals to the cytosol during hypoxia, leading to the activation of diverse protective systems through transcriptional and post-translational mechanisms. Future studies are required to more fully understand the roles of redox signaling in hypoxia, and to understand how these signals are regulated spatially and temporally in the cell.
